Recent experiments with reading disabled children have shown that image blurring (produced with frosted acetate overlays) results in an immediate benefit in search performance, eye movement pattern and reading comprehension. This suggests that the contrast and spatial frequency content of visual stimuli are important factors for these children. In the present experiment, spatial frequency filtering and contrast reduction were employed to determine whether either of these factors contributes to the beneficial effects observed. Letter arrays were spatially filtered to produce low pass ( < 3.5 c/deg) and high pass (> 7.0 c/deg) images. In addition, a low contrast control image was generated to match the low contrast of the high pass image. Children classified as good reader controls (CON), specific reading diabled (SRD), attention deficit disordered (ADD) or comorbid SRD/ADD (COM) were asked to perform a visual search task with each type of image. With high contrast, unfiltered arrays, the search times for the CON and ADD groups were much shorter than those of the SRD and COM groups. While both high pass and low pass filter conditions improved the search speed for the COM group, improvement for the SRD group was only obtained with low contrast stimuli. These results support the notion that the beneficial results of image blurring with SRDs derives from the contrast reduction produced by such manipulations.
INTRODUCTION
Specific reading disability is a broad term which encompasses reading disabilities arising from a number of sources. A specific-reading-disabled child (SRD) is defined here as one of normal or better intelligence with no known behavioral or organic disorders who, despite normal schooling and average progress in other subjects, has a reading disability of at least 2.5 yr below agerelated norms (Critchley, 1964; Stanley, 1975 ; see also Badcock & Lovegrove, 1981; Lovegrove, Billing & Slaghuis, 1978; Lovegrove, Martin & Slaghius, 1986; Slaghuis & Lovegrove, 1984) . Since reading involves a dynamic visual processing task that requires the analysis and integration of visual pattern infomation across fixation-saccade sequences, studies in the area of reading disability have explored the possibility that visual processing abnormalities contribute to reading difficulties. A number of studies have provided evidence for basic visual processing differences between normal and disabled readers, especially at early stages of visual process-*Department of Psychology, University of New Orleans, New Orleans, LA 70148, U.S.A. . tSchool of Education, University of New South Wales, Kennsington, New South Wales, Australia.
ing. Differences have been reported in the duration of visual information store (Lovegrove & Brown, 1978; Stanley, 1975; Stanley & HGaI1, 1973a) , rate of transfer of information from visual information store to short term memory (Lovegrove & Brown, 1978; Stanley & Hall, 1973a) , and in the characteristics of visual short term memory itself (Stanley & Hall, 1973b) . These results indicate that some disabled readers process information more slowly and have a more limited processing capacity than normal readers. Studies that involved tasks relying less on dynamic visual processing and temporal resolution, and more on pattern-formation processes and long term visual memory, however, have failed to show visual processing differences between normal and disabled readers (Benton, 1962 (Benton, , 1975 Vellutino, Pruzek, Steger & Meshoulam, 1973; Vellutino, Steger, DeSetto & Phillips, 1975a; Vellutino, Steger, Kaman & DeSetto, 1975b; Vellutino, 1977 Vellutino, , 1979a Vellutino, , 1979b Vellutino, , 1987 . Thus, the long-standing debate as to whether visual factors play a significant role in reading disabilities has been complicated by the failure to control for methodological factors and to distinguish between the measurement of temporal vs pattern-formation processes. It has been suggested that the processing of temporal 285 286 MARY C. WILLIAMS et al.
and pattern information is accomplished by two separate but interactive subsystems in the visual system with different spatiotemporal response characteristics (Kulikowski & Tolhurst, 1973; Tolhurst, 1973) . Breitmeyer and Ganz (1976) and Weisstein, Ozog and Szoc (1975) , among others, have proposed two separate but overlapping subsystems in the visual system that respond selectively to different spatial and temporal frequencies. The transient system is most sensitive to low spatial frequencies, has a high temporal resolution, and responds transiently to quickly moving targets and to stimulus on-and offsets. The sustained system is most sensitive to high spatial frequencies, has a long response persistence and low temporal resolution, and responds in a sustained fashion to stationary or slowly moving targets. There is evidence that this transient-sustained relationship is different in normal and disabled readers. Lovegrove et al. have shown that visual processing differences between normal and disabled readers are evident when transient system processing is involved, but fail to surface under sustained processing conditions. For example, disabled readers are less sensitive than normal readers to low spatial frequencies, but equally or more sensitive to high spatial frequencies (Lovegrove, Bowling, Badcock & Blackwood, 1980b; Lovegrove, Martin, Bowling, Blackwood, Badcock & Paxton, 1982; Martin & Lovegrove, 1987) . Additionally, disabled readers show lower overall temporal sensitivity (Martin & Lovegrove, 1987) and a different pattern of temporal processing across spatial frequencies (Badcock & Lovegrove, 1981; Lovegrove et al., 1980b; Slaghuis & Lovegrove, 1984) , but these temporal processing differences between normal and disabled readers disappear when transient system activity is reduced (Slaghuis & Lovegrove, 1984) . These findings indicate that disabled readers have a deficient transient system. Other measures of transient function indicate that disabled readers require more time to determine the temporal order of visual events (May, Williams & Dunlap, 1988) and have difficulties locating targets in the periphery (Solman & May, 1990) . Measures of sustained channel processing, such as orientation bandwidth, spatial frequency bandwidth, and the oblique effect, did not provide evidence of differences between normal and disabled readers (Lovegrove et al., , 1986 , suggesting that the integrity of the sustained system is intact.
Thus, a large subgroup of disabled readers does have visual deficits. The visual deficits are specific spatiotemporal processing abnormalities, are systematic, and occur early in the visual processing hierarchy, i.e. in transient system operations. It is reasonable to expect, therefore, that stimulus manipulations that affect transient system processing would affect the reading performance of disabled readers.
Since the temporal precedence of the transient system seemed to be compromised in poor readers, Williams *Only two children wore glasses (1 ADD and 1 SRD). The ADD child was hyperopic and the SRD child was myopic. None of the children had visual acuities worse than 20/30.
et al. used image blurring to determine if this precedence could be reestablished by slowing sustained processing. Using a search task, they found that search times were reduced to normal levels in poor readers when high spatial frequencies (> 15 c/deg) were removed by covering the displays with acetate (Williams, Brannan & Lartigue, 1987) . Williams and LeCluyse (1990) found that this sort of blurring also resulted in improvements in reading comprehension when reading material was presented a line at a time. In addition, they found blurring to increase both reading rate and span of apprehension with full page reading conditions. While it seems clear that image blurring facilitates performance in poor readers, it is not clear whether it is the high spatial frequency filtering that occurs with blurring or the overall reduction in contrast that also occurs over a broad range of spatial frequencies. If it is the spatial frequency content that is important, then manipulations that reduce high spatial frequencies might be expected to enhance search performance, while manipulations which reduce low spatial frequency content might be expected to result in search performance which is unchanged or worse than the unfiltered condition. On the other hand, if contrast is the important factor then conditions which employ reduced contrast might be expected to improve search performance in SRDs.
Another factor which has emerged as important, and was not considered in previous research, has to do with the degree to which attentional deficits may play a role in these effects. Most previous studies which reported sensory deficits and concomitant reading related problems have not screened for attention deficits. However, it is clear that such problems may lead to poor reading performance. In the present study, spatial filtering and contrast reduction were used to differentiate between the effects of spatial frequency content and contrast. In addition, subjects were screened for attention deficit disorders to parcel out the influence of this factor.
METHODS

Subjects
Forty children recruited through the UNO Psychology Reading Clinic in the summer were screened for participation in this study. Screening was accomplished through the Training and Evaluation Center in Applied Psychology located in the Department of Psychology, University of New Orleans. The screening included an intelligence test (Kaufman Brief Intelligence test), a series of visual tests* (acuity, stereopsis, color, and eye muscle balance) administered with a vision tester (Titmus, Model OV7), and a gross test of neuropsychological functioning (Quick Neurological Screening Test). Only children who scored within the normal range or above on all tests were included for further study. The children were further screened with two reading tests: the Woodcock Reading Mastery Tests--Revised (Woodcock, 1987) , which assessed basic reading skills such as letter and word identification, word attack, and word comprehension, and the Nelson Reading Skills Test (Hanna, Schell & Schreiner, 1977) , which assessed reading passage comprehension. Children who scored at or above grade level on both tests were included in the normal reader group, and those scoring more than 1 yr below grade level were included in the disabled reader group. In addition to the screening tests proposed, we also obtained clinical diagnoses of attention deficit disorder (ADD = ADHD, DSMIII-R) and included this as a second variable in the experiment. Table 1 summarizes the characteristics of the 26 children that met our criteria for good (CON) and poor (SRD) readers, with a further breakdown into attention deficit hyperactivity disorder (ADD) and comorbid (COM = ADD + SRD) groups.
Stimuli
Letter arrays containing 18 rows and 6 columns of letters were produced using the text option of the image processor (Data Translation, DT2861) and displayed on a high resolution monitor --97% ) and the uniformity of these measures varied < 1% in the central area of the screen employed. A single target letter was located in one of five different rows (rows 2, 5, 9, 14 or 19). Six arrays, containing a target in each possible column, were generated for each row condition. These arrays were then submitted to two-dimensional Fourier analysis and filtered to produce additional array sets. Using a ramp filter (15 dB/octave), the filtered array sets were high or low passed to contain spatial frequencies above 7.0 and below 3.5 c/deg. The resultant Michelson contrast was 17% and 96%, respectively. An additional unfiltered array set was produced such that the Michelson contrast of the letters approximated that of the highpass stimuli 06%). This provided a contrast control condition. Examples of these four stimulus VR 35/2--F The mean and SE for each measure is presented below each group. The only significant difference between groups occurred when the reading scores of all poor reading subjects (SRD and COM) were compared to good readers (ADD and CON). 
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WXHEIq "' FIGURE I. Examples of the unfiltered (left), low pass filtered (left middle), high pass filtered (right middle), and low contrast (right) letter arrays used in the search task. The target (Z) occurs in rows 18, 9, 14 and 5, respectively• conditions are presented in Fig. 1 . The amplitude spectra for each example is presented in Fig. 2 .
Procedure
The subject performed a search task requiring that they search for the letter Z in an array of distractors composed of other letters (E, I, M, V, W, X) of the alphabet. They were instructed to scan the arrays from left to right proceeding from the top row to the bottom row and the experimenter visually monitored each subject to assure compliance and frequently reminded each subject of this requirement. As soon as the target letter was located, subjects pressed the space bar and the time elapsing between stimulus onset and response was recorded. The response terminated the array and the next space bar response presented the array again so that the subject could immediately indicate the position of the target by placing a pointer on the letter. The experimenter verified that the subject responded correctly. Trials associated with an incorrect response were noted, parsed from the data set, and rerun later in the session. The order of filter conditions was randomized and 15 trials (3 per row position) were obtained for each filter condition.
RESULTS
The mean search times for each of the four groups (CON, SRD, COM, and ADD) are presented in Fig. 3 as a function of target position (row) for each of four stimulus conditions (unfiltered, low pass, high pass and low contrast). The search time vs target position data were fit with third-order polynomial regressions for each group because this polynomial consistently accounted for the most variance. It is clear that with unfiltered stimuli, the search times for the CON and ADD groups are much faster than those of the SRD and COM groups. While both high pass and low pass filter conditions improved the search speed for the COM group, improvement for the SRD group is only obtained with low contrast stimuli. It is also interesting to note that either filter condition or the low contrast condition results in faster search times for the ADD group relative to the CON group. Another interesting aspect of the data has to do with the relative increase in search time which occurs between target positions 14 and 18. This phenomenon is quite apparent in the COM group under unfiltered conditions and in the SRD group under both filtering conditions. The data were submitted to a two-way factorial analysis of variance which supported the above observations. Significant main effects were obtained for the SRD factor [F(1,22)=7.47; P<0.01] and target position [F(4,88)= 119.78; P <0.0001]. A significant two-way interaction was obtained for target position and the SRD factor [F(4,88) = 6.90; P < 0.0001]. In addition a significant four-way interaction was obtained for filter condition, target position, the SRD factor and the ADD factor [F(12,264) = 1.92; P < 0.03]. Subsequent Newman Keul's test on the means for target position 14 revealed: significant differences between the children with reading disabilities (SRD and COM) and the other two groups (CON and ADD) in the unfiltered condition (P < 0.0001); significant differences between the SRD groups and all three other groups in the high pass condition (P < 0.001); significant differences between the SRD groups and all three other groups in the low pass condition (P <0.0006); and a significant difference between the SRD and ADD groups in the low contrast condition (P < 0.001).
DISCUSSION
The results of the present study are in agreement with previous research that has indicated that the search times for poor readers are significantly slower than good readers when standard letter arrays are employed (Williams et al., 1987) . In addition, these findings help to clarify how previous studies with image blurring resulted in improved search performane in such children. Filtering manipulations which resulted in selective attenuation of the spatial frequency content of the arrays, did not improve search times in this group relative to that of good readers. According to the theoretical models proposed to account for processing problems in SRDs, high pass filtering was not expected to improve performance, but low pass filtering and/or low contrast was expected to facilitate search in poor readers. The fact that low contrast reduced SRD search times to a level that was not significantly different from that for the CON group, suggests that the important consequence of the original image blurring studies was that of contrast reduction over a broad range of spatial frequencies. This modifies somewhat the basic interpretation of the benefit afforded SRDs through blurring. It might be argued that it is the contrast reduction of medium, as opposed to high, spatial frequencies that slows the temporal processing of those mechanisms responsible for pattern (i.e. letter) detection and reestablishes the temporal precedence of the sluggish global mechanism. If this is the case, it may explain why the high pass condition did not benefit SRD search time, since this condition resulted in letter arrays of low contrast, but devoid of medium and low frequencies.
The present findings also indicate that similar problems are encountered with children who have attention deficit hyperactivity disorder in addition to specific reading disability. While the fact that normal reading children with ADHD do not differ from good readers in search time might suggest that the poor performance of the comorbid group is associated with the same factor which underlies poor search time in SRDs, slow search times might be caused by different factors in the two groups. It is noteworthy that these children benefit from the filtering manipulations which are not effective in SRDs. For these children, any reduction of contrast across the spatial frequency dimension results in faster search times. A similar result occurs with ADD children who read at a normal level. With unfiltered stimuli, these children exhibit search times which are almost identical to the CON group. However, any reduction of contrast across the spatial frequency dimension for these children leads to faster search times relative to the unfiltered condition.
The fact that search time in some of the conditions for some of the groups was not a linear function of target position is worthy of some consideration. These effects have not been observed in previous studies, but this is probably because those studies avoided positioning targets in the last row of the display. The relative increase in search speed which occurs for targets in the last row, suggests that the slower search times for targets in earlier row derives from the fact that these targets have distractors in the rows above and below the targets. The increased speed for targets in row 18 could, therefore, be caused by some sort of release from adjacent masking. This phenomena is reminiscent of the crowding effects observed in visual acuity tests with amblyopic patients (Levi & Klein, 1985) . This release from interference suggests that search performance in poor readers might better approximate normal search times with arrays constructed of letters spaced farther apart. Thus, it may be the case that the problem experienced during the search task involves an inability to extract local information about individual letters (mediated by medium to high spatial frequencies) from arrays in which the rows are densely packed and spaced closely together. Dense arrays contain low spatial frequency components of higher amplitude relative to those in sparse arrays. Previous research with poor readers has indicated that they have considerable difficulty attending to local detail when such detail is embedded in a more global structure (Williams & Bologna, 1985) . This suggests that it may be the relative amplitude in low vs medium to high spatial frequencies that underlies the poor search times in the SRD group.
The fact that the contrast reduction in the low contrast condition benefits all three experimental groups can also be understood in terms of relative contrast differences between spatial frequency channels. In this condition, the full range of spatial frequencies are present, but the contrast has been reduced equally across this range. Since the unfiltered stimuli contained less contrast in the high spatial frequencies, this contrast reduction tended to mimic the effects of low pass filtering, and the contrast reduction in the low frequency region tended to mimic high pass filtering. If in the high contrast, unfiltered condition poor readers differ from good readers in terms of their sensitivity to contrast of both the high and low spatial frequencies, then contrast reduction of only the high or low frequencies may not be sufficient to provide benefit to these children. In the present experiment, we equated our stimuli on the basis of Michelson contrast, but other procedures are available (Goldstein, Peli & Young, 1991) and would be interesting to employ. In addition, experiments which seek to determine the contrast gain in good and poor readers may shed considerable light on why reduced contrast provides benefits in search and reading tasks.
